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Introduction
The choice of animal models in orthopaedic surgery remains open, particularly for the study of internal fixation implants or joint replacement. Among the animal species available, the canine model shows significant potential, especially for studying implant fixations (Daugaard et al., 2008; Kenner et al., 1979; Paul and Bargar, 1986; Skurla et al., 2005; Søballe et al., 1992; Vestermark et al., 2004) .
Canine femoral morphology exhibits significant variability. The canine population can be segmented into four clusters on the basis of femoral morphological properties (Palierne, 2006; Palierne et al., 2008) . It can be reasonably assumed that the geometric and mechanical properties interact to adapt to the size, weight, and dynamic activity of the animal.
The most relevant parameter for characterising first order mechanical properties is the longitudinal elastic modulus or Young's modulus. In the case of canine bones, interesting studies have reported the properties of cancellous and cortical bone but without clearly distinguishing their macroscopic morphological characteristics (Behrens et al., 2006; Boutros et al., 2000; Kenner et al., 1979; Romanus, 1974; Vahey et al., 1987) . Given the range of canine morphology, there is no evidence that the diaphyseal femoral cortices of dogs of different size and shape exhibit similar mechanical properties. Furthermore, some studies of murine femurs have shown potential correlations between genetic variations, bone morphology and mechanical properties (Wergedal et al., 2005) .
Apart from breed-dependent variability, mechanical properties were also found to depend on the zone of interest. However, despite a large number of studies the results are conflicting. Markel et al. (1994) showed in the dog that the mineral density of cranial cortical bone was significantly higher than that of caudal bone in the proximal part of the diaphysis. The opposite was shown in the distal part of the diaphysis. These differences were corroborated by other studies of both animal and human femurs. The greatest strength or Young's modulus was observed in the lateral quadrant of canine femurs (Kenner et al., 1979) and human femurs (Evans and Lebow, 1951) and in the medial quadrant of other mammals and birds (Spatz et al., 1996) . On the other hand, no significant difference was found between measurements of the Young's modulus in lateral, medial, cranial or caudal sites in human femurs (Cuppone et al., 2004) .
In this study, we hypothesised that the mechanical properties of the canine femur would be dependent on femoral morphology and the zone of interest. We examined the diaphyseal cortical bone of four femurs representative of the canine population and four zones of interest, namely the lateral, medial, cranial and caudal sites. Measurements were made of the effective elastic modulus, yield strength, yield strain, ultimate strength, ultimate strain, strain energy density at yield and strain energy density at ultimate.
Materials and methods

Specimen preparation
Sixty-two femurs were harvested from adult dogs and four of these were selected. The selected femurs were representative of each of four clusters detected in the adult canine population in a previous statistical study (Palierne et al., 2008) . Twenty-four morphological parameters were examined as presented in Table 1. For each of these morphological parameters, the difference between the candidate femur and the generic femur of each cluster (1-4) was calculated. The distribution of these differences was compared using a z-test with a standard Gaussian distribution. The femur was selected as representative of the cluster when the differences were not significant. The four dogs finally selected were: Toy poodle, 14 years old weighing 5 kg; Poodle, 10 years old weighing 12 kg; German shorthaired pointer, 13 years old weighing 25 kg, and a Doberman pinscher, 7 years old weighing 50 kg.
The femurs were harvested from adult dogs, which had been euthanased for medical reasons unrelated to orthopaedic conditions. Skeletally immature dogs and specimens showing evidence of traumatic or neoplastic osseous pathology were excluded from the study. The bones were cleaned of soft tissue and radiographed (Fig. 1a) to measure morphological parameters. The epiphysis and metaphysis of each femur were cut off but the femoral diaphysis was kept intact. The bone marrow was removed. The diaphyses were wrapped in saline-soaked gauze and frozen at À20°C for a storage period of <6 months.
The bones were thawed at room temperature and kept moist with saline soaked sponges while specimens were prepared for mechanical measurements. Between each step of the preparation, the specimens were submerged in saline solution in individual tubes. Rectilinear parallelepiped specimens were harvested from the middle of the femoral diaphysis as shown in Fig. 1b and c. The regions of interest were the cranial, caudal, medial and lateral cortical bones. Assuming that the cortical bone was transversely isotropic, the long axis of the specimens coincided with the principal axis of material properties and the cross-section of the strip was located in the transversely isotropic plane of the diaphyseal cortical bone.
As shown in Fig. 2a , cuts were made in the latero-medial plane of the four bones and in the cranio-caudal plane only for the Poodle and German shorthaired pointer bones using a precision diamond saw (Isomet 1000, Buehler) with constant watercooling. Depending on the bone stock, two to six specimens with a minimum length of 20 mm were obtained from each femur. The distribution of the harvested specimens in each quadrant for each femur is given in Table 2 .
The cancellous bone remaining on surfaces facing the medullar canal was removed with a scalpel under surgical microscope. Each specimen was identified, orientated and measured with callipers accurate to 20 lm and placed in saline solution. The specimen width was measured at each end and at one-and two-thirds of the length. The mean of these four measurements was taken as the width of the specimen. Finally, the mean ± SD dimensions of the specimen database were as follows: thickness, t = 1.08 ± 0.29 mm (range 0.56-1.52 mm); width, w = 2.25 ± 0.49 mm (range 1.32-3.01 mm), and length, l = 28.91 ± 2.69 mm (range 20-30 mm). The span-to-thickness ratio (28.42 ± 6.40) was between 19.74 and 46.43.
Measurement protocol
The mechanical properties of the specimens were determined by three-point bending tests as shown in Fig. 2b . The experiments were conducted on a tensile machine (10 MH, MTS). The specimen was simply supported on a fixture, the span of which varied from 20 to 30 mm depending on the specimen length. The cranial and caudal specimens were subjected to bending in a lateral-medial direction while the lateral and medial specimens were subjected to bending in a cranial-caudal direction.
Each specimen was subjected to three loading/unloading cycles with a displacement control, staying within the linear-elastic domain according to previous tests performed on pre-test specimens. The fourth and final test culminated in specimen fracture. The contribution of bone viscoelastic properties to the quasi-static response of the specimen was suppressed by fixing the displacement rate at 0.1 mm/min. Force and displacement acquisition were done at 10 Hz (software Testwork 4.08B, MTS). Measurements were taken at room temperature and the specimens were kept moist with saline solution.
The influence of shear was negligible and the unidirectional stress field r was described by Eq. (1), involving the normal strain field e and the effective modulus 
where F is the transverse force F applied to the specimen (N); l s is the experimental span (m); w, specimen width (m); t, specimen thickness (m); d, actuator displacement (m).
Eq. (1) was used to obtain E from the stress-strain experimental curves by applying a linear regression to the linear domain of the static response of the specimen. The yield point, that is the transition to the plastic domain, was determined when the value predicted by the previous linear regression was exactly 10% greater than the experimental data. The ultimate strength and the ultimate strain were measured just before fracture. Fig. 2c shows the measurement methods of the effec- The three points where the bone specimen were bent (l s , F, and d) were the span, the applied force and the transverse displacement respectively. (c) Experimental results obtained using a lateral specimen from a German shorthaired pointer showing the measurement methods of the effective Young modulus E, the yield strength r y , the yield strain e y , the ultimate strength r u and the ultimate strain e u . tive Young's modulus E, the yield strength r y , the yield strain e y , the ultimate strength r u and the ultimate strain e u on a representative specimen. The area under the curves at the yield point and ultimate strength were used to obtain the strain energy density at yield U y and strain energy density at ultimate failure U u , respectively. The strain rate was calculated for each specimen from the ratio ultimate strain -time(s) necessary to obtain ultimate strength. Young's modulus, yield strength and ultimate strength were corrected to a strain rate of 0.00001/s using empirical relationships between stiffness and strain rate and strength and strain rate, from Carter and Hayes Hayes, 1976, 1977) . The relationship between effective elastic modulus and specimen size, strength and stiffness, corrected strength and corrected stiffness, Young's modulus, strength and strain rate were examined using linear regressions. For the mechanical parameters, the statistical analysis consisted of a two-way analysis of variance AN-OVA with two factors (dogs and sites) followed by Tukey's test. Statistical significance was defined as P < 0.05.
Results
The effective Young's modulus E, yield strength r y , yield strain e y , ultimate strength r u , ultimate strain e u , strain energy density at yield U y and strain energy density at ultimate failure U u for the Toy poodle, Poodle, German shorthaired pointer and Doberman are reported in Table 3 and Fig. 3 . The results of the statistical analysis of mechanical parameters for each dog and each site are reported in Table 4 were E = 15.6 ± 2.6 GPa, r y = 174.3 ± 32.1 MPa and r u = 251.0 ± 49.2 MPa respectively. The effective Young's modulus E increased with dog size from 13.86 to 17.21 GPa. The differences between all dogs were statistically significant (P < 0.05) except between the Poodle and the German shorthaired pointer, as detailed in Table 4 . For yield strength r y , a significant difference (P = 0.033) was only observed between the Poodle and the German shorthaired pointer. For ultimate strength r u , significant differences were obtained between the Toy poodle and the Poodle (P = 0.016) and between the Toy poodle and the German shorthaired pointer (P = 0.013).
The average yield strain e y and ultimate strain e u were 0.0094 ± 0.0013 and 0.017 ± 0.002 respectively. The yield strain e y and ultimate strain e u for Toy poodle were significantly greater (P < 0.001) than for the three other dogs (Tables 3 and 4) . The strain energy density at yield U y ranged from 8.5 ± 3.1 J m À3 Â 10 5 for the German shorthaired pointer to 15.0 ± 4.1 J m À3 Â 10 5 for the Toy poodle. A significant difference was observed between the Toy poodle and the three other dogs (P 6 0.002). The strain energy density at ultimate failure U u for the Toy poodle was significantly greater than for the Poodle (P = 0.002) and German shorthaired pointer (P = 0.001) (Tables 3 and 4 ). The variation in bone mechanical properties with regard to the zones of interest in the diaphysis was investigated by averaging the data from the four femurs according to site. Results for the lateral, medial, cranial and caudal sites are reported in Table 3 and Fig. 3 .
The effective Young's modulus E of the cranial site (18.0 ± 2.3 GPa) was significantly greater than that of the lateral site (14.5 ± 2.5 GPa), medial site (15.3 ± 2.5 GPa) and caudal site (14.6 ± 1.0 GPa) (Table 4) .
Two main results were observed for bone strength. Firstly, the yield strength r y of caudal sites was significantly lower than that of medial sites (Tables 3 and 4) . Secondly, the ultimate strength r u of the caudal site was significantly lower than that of the medial and cranial sites. The strain energy density at yield U y and the strain energy density at ultimate failure U u were significantly lower for the caudal than for the medial site (Tables 3 and  4 ). The differences between measured values and corrected values for Young's modulus, yield strength and ultimate strength were minimal (1.4 ± 1.3%, range: 0.003-4.07%; Tables 3 and 4). The corrected Young's modulus for a strain rate of 0.00001/s was significantly lower (P = 0.02) for the Toy poodle (13.8 ± 3.3 GPa) than for the Doberman (16.8 ± 1.3 GPa). The corrected Young's modulus was significantly lower (P = 0.04) for the caudal (14.2 ± 1.0 GPa) than for the cranial site (17.3 ± 2.0 GPa). The corrected yield and ultimate strengths were significantly lower for the caudal than for the medial site (P = 0.001 and 0.007, respectively).
There was a significant linear relation between Young's modulus E and specimen width (P = 0.01, r 2 = 0.14) and specimen thickness (P = 0.003, r 2 = 0.11). On the other hand, no relationship was found between the effective elastic modulus E and strain rate (P = 0.99) or between ultimate strength r u and strain rate (P = 0.14). However, a strong relationship was found between ultimate strength and Young's modulus (P = 0.000, r 2 = 0.27) as well as between corrected ultimate strength and corrected Young's modulus (P = 0.000, r 2 = 0.30). (n = 8); P, Poodle (n = 11); GSP, German shorthaired pointer (n = 15); D, Doberman (n = 12); Lat, lateral site (n = 14); Med, medial site (n = 17); Cr, cranial site (n = 8); Cd, caudal site (n = 7). The number of specimens is indicated in brackets. The asterisks represent the outliers.
Discussion
We initially hypothesised that the mechanical properties of diaphyseal cortical bone from the canine femur would be dependent on dog size and the zone of interest. We investigated this hypothesis by studying four dogs representative of the canine population in terms of size and weight. Our assumptions were confirmed for Young's modulus E. The average effective Young's modulus was 15.6 GPa with a range of 13.9-18.0 GPa depending on the dog and zone of interest. The average values for yield strength and ultimate strength were 174.3 MPa and 251.0 MPa, respectively. The differences linked to sites and dogs were between 149.4 and 193.1 MPa for yield strength and between 214.1 and 288.0 MPa for ultimate strength.
The canine population exhibits extremely large variations in weight and size. In previous studies we showed that the population could be segmented into four clusters, each represented by a generic femur (Palierne et al., 2008) . As shown in Table 1 , the four dogs selected for our experiments were morphometrically representative of these clusters. However, given that only one femur was tested for each cluster, much more work will be needed to extrapolate our results to the canine population as a whole.
Particular attention was paid to the storage of specimens. Adverse effects of dehydration (Turner and Burr, 1993) were avoided by keeping the specimens moist throughout the procedure: freezing and thawing in NaCl-soaked gauzes, spraying during cutting, storage in saline solution and hydration between each mechanical test. The influence of temperature was considered minimal for our static tests (Turner and Burr, 1993) . A maximum increase of 2-4% was observed for Young's modulus measured at room temperature when compared to tests at 37°C (Bonfield and Li, 1968; Bonfield and Tully, 1982; Smith and Walmsley, 1959) .
A three-point bending test was used to characterise the effective mechanical properties of diaphyseal cortical bone. The geometry of the specimen was designed to cancel shear effects (Spatz et al., 1996) . The ratio of length to thickness should be at least 20:1 to guarantee that the shear displacements are insignificant (Spatz et al., 1996) . Therefore, a span-to-thickness ratio >20 was chosen (ratio = 28.4 ± 6.4) to maximally decrease the influence of shear. With a span-to-thickness of approximately 20, the calculated Young's modulus is within 95% of the true Young's modulus of bone, which is an adequate approximation (Spatz et al., 1996) . The displacement rate was low (0.1 mm/min) to suppress the influence of bone viscoelasticity (Carter and Hayes, 1977; Lakes, 2004; Linde et al., 1991; Rice et al., 1988; Turner, 1993) and induced a very low strain rate (1.29 ± 0.29 Â 10 À5 /s) that did not influence the measurement of the main mechanical parameters.
In our study, no relationship was found between effective elastic modulus E and strain rate or between ultimate strength r u and strain rate. The width and thickness of the specimen had an influence on the measurement of Young's modulus E as shown by the linear regression. However, the Pearson correlation coefficient (0.33 for width and 0.43 for thickness) did not show a strong correlation between elastic modulus and specimen size. Even though the relationships between Young's modulus and specimen size (width and thickness) were significant (P < 0.05), the squared multiple R-values were low (0.14 for width and 0.11 for thickness), indicating that width and thickness explain 14% and 11% of the variability of the elastic modulus, respectively. Each specimen was subjected to three loading/unloading cycles while the fourth and final test induced specimen fracture. During the first three loading/unloading cycles, the load was chosen to keep within the linear-elastic domain according to previous tests performed on pre-test specimens and was systematically lower than the yield point measured in the fourth test. Thus, we can assume that the first three tests did not cause enough damage to affect the effective modulus of subsequent tests.
Calculating the effective elastic modulus or Young's modulus was not particularly difficult since this parameter characterises the linear behaviour of the structure. The effective longitudinal modulus was investigated by assuming that the specimen was aligned with the principal direction of elasticity of the cortical bone in alignment with the diaphyseal axis. The architecture of the canine femoral diaphysis did not allow harvesting of strips in the transverse direction. In contrast, the yield strength was more difficult to measure as it represented a gradual transition towards plastic behaviour. The methods available, such as the offset method (Turner and Burr, 1993) , rely on arbitrary criteria to detect this transition and generally involve large variability. Using the offset method with 0.2% strain, the yield point was 28% higher than the yield point determined in the current study (data not shown).
The elastic modulus of cortical bone obtained from longitudinal cross-section specimens showed wide variability. In the human femur, elastic modulus ranges from 9 to 20 GPa (Bayraktar et al., 2004; Currey et al., 1997) . In the bovine femur, values of about 18 GPa (Currey, 1988; Currey et al., 1995) have been obtained. In the rabbit femur, the range was 11-15 GPa Ayers et al., 1996) . In mice and rats the ranges were 3-11 GPa and 7-8 GPa, respectively (Barengolts et al., 1993; Jorgensen et al., 1991; Wergedal et al., 2005) .
Some data have already been reported for canine femurs. An average value of 17 GPa was obtained from tensile, bending and compressive tests (Behrens et al., 2006; Romanus, 1974) . Our experiments gave a mean effective modulus of 15.6 GPa, in good agreement with other reports in the literature. However the values were dependent on femoral morphology and variations of 2.6 GPa were obtained. Further analysis of our results indicated that the increase in the effective modulus was correlated with the increase in size and weight of the dogs. To our knowledge, such results have never before been quantified objectively in animal species. Since the Young's modulus for bovine, human and rabbit femurs are similar, it is clear that the Young's modulus of femoral cortical bone is not directly influenced by species. Thus, within a species this modulus might be modified by the height and weight of the animal. To suppress the potential effects of strain rate on measurement of mechanical parameters, we used a Young's modulus corrected to a strain rate of 0.00001/s. This corrected stiffness was significantly lower for the Toy poodle than for the Doberman, indicating an actual difference between dogs according to their size. The yield strength and ultimate strength were in good agreement with previously published data. Our average values were 174 and 251 MPa, respectively, and within the range of previously reported data, i.e., 108-172 MPa for yield strength (Bayraktar et al., 2004; Currey, 2004b ) and up to 225 MPa for ultimate strength Ayers et al., 1996; Currey, 2004a; Currey et al., 1995; Lotz et al., 1991; Sedlin and Hirsch, 1966) . The yield strength and ultimate strength were found to depend on dog characteristics since discrepancies of up to ±20% were obtained. The ultimate strength r u and strain energy density at ultimate failure U u for the Toy poodle were significantly lower than for the Poodle and German shorthaired pointer, indicating that the cortical bone material of the smallest dog differed from that of these other dogs.
Structural strength has been investigated with respect to plastic deformation and no robust correlations were found between stiffness and strength with passive material such as metallic alloys or polymers. However, in the present study, a strong relationship was found between ultimate strength and Young's modulus as well as between corrected ultimate strength and corrected Young's modulus. Such correlations between ultimate strength and stiffness have already been reported (Fyhrie and Vashishth, 2000; Yeni et al., 2004) . Bayraktar et al. (2004) , working on mid diaphyseal cortical bone of the human femur, tested in uniaxial tension showed that yield strain had a very low variability and was independent of the elastic modulus. In our study, a relationship was demonstrated between yield strain and the effective elastic modulus of the mid diaphyseal femoral cortical bone of dogs in a three-point bending test (P = 0.001; r 2 = 0.25). These discrepancies could be related to the different species and to the different methods of mechanical testing (tensile vs. bending tests). Investigation of the influence of different sites on the mechanical properties of femoral diaphyseal cortical bone revealed that bending tests in human specimens did not show any differences in elastic modulus between lateral, medial, cranial and caudal sites (Cuppone et al., 2004) . On the other hand, medial bone was stiffer than caudal, cranial and lateral bones in horses (Spatz et al., 1996) . Compressive tests on the canine femur produced greater stiffness in the lateral site than in the medial, caudal and cranial sites (Kenner et al., 1979) . In our experiments, a higher value for the effective elastic modulus was found in the cranial site of the femoral diaphysis. These discrepancies could be linked to the different species and to the different methods of mechanical testing (compressive vs. bending tests). Some of the species variations might be due to differences in posture and locomotion of bipeds and quadrupeds, which lead to differences in bone loading (Schryver, 1978) .
The dependence of bone strength on anatomical site was variable. In human specimens subjected to tensile loads, the ultimate tensile strength was greater in the lateral quadrant than in the cranial quadrant (Evans and Lebow, 1951) . Compressive tests in canine femurs showed that ultimate compressive strengths were highest in the lateral site (Kenner et al., 1979) . In our study, we found that the yield strength at the medial site was greater than at the caudal site and the ultimate strength of the caudal site was lower than that of the medial and cranial sites.
The caudal cortex was less stiff and less strong than the cranial cortex. Similar findings were reported in the equine femur (Schryver, 1978) , the sheep radius (Lanyon et al., 1979) , the radius of horses (Riggs et al., 1993b) and the equine third metacarpal bones (Les et al., 1997) . It is possible to interpret these observations in terms of safety factors (Riggs et al., 1993b) . The dog femur, like many other limb bones, has a longitudinal, cranially convex curvature, suggesting cranio-caudal bending during locomotion. As suggested by Riggs et al. (1993b) , axial compression superimposed on cranio-caudal bending tends to partially neutralise the longitudinal tensile strain in the cranial cortex and accentuate the longitudinal compression strains in the caudal cortex. An axial load on the femoral head in dogs induced tensile strains in the cranial cortex of the femur and compressive strains in the caudal cortex (Palierne, 2006) . The lower Young's modulus of the caudal cortex will further accentuate bending and contribute to functional strains during locomotion (Riggs et al., 1993b) . The amount of peak strain imposed on the cranial and caudal cortices of the femurs in the Palierne study (Palierne, 2006) was 1:1.69. This ratio was similar to that found on the sheep radius (Lanyon et al., 1979) and the difference between the two cortices may be considered as a safety factor for the bone (Lanyon et al., 1979) . The ultimate strength of the medial cortex was also higher than for the caudal cortex. Similar results have been reported in the femur of horses subjected to bending tests (Schryver, 1978) . As in the present study, the values of ultimate strength of the cranial and medial cortices were of the same order of magnitude. It is possible that the differences between quadrants were due to the orientation of the collagen in the various quadrants of the femur that has been related to differences in loading (Riggs et al., 1993a,b) .
Conclusions
Given that canine femoral morphology shows obvious variability, our experimental protocol showed that the effective Young's modulus, yield strength and ultimate strength of diaphyseal cortical bone were dependent on femoral length and the site of harvesting (lateral, medial, cranial or caudal) . Further studies on a larger number of femurs in each cluster are needed to extrapolate these results to the canine population as a whole.
